Linear 1,2-polybutadiene is crosslinked at 0°by y-irradiation while strained in simple extension, with extension ratios from 1.3 to 2.0. During irradiation times up to several hours, entanglement slippage is slight, since the temperature is only slightly above the glass transition. Subsequently, samples are released and reach their equilibrium states of ease at room temperature. From From various rheological properties of linear, uncrosslinked amorphous polymers of sufficiently high molecular weight, it has been deduced that the molecules behave as though strongly coupled to each other at rather widely separated points (1, 2). These coupling points are usually described as entanglement loci, and are supposed to represent long-range topological restrictions (3, 4), though their nature is still conjectural. Their persistence after the introduction of chemical crosslinks, as trapped entanglements that contribute to the equilibrium elastic modulus, has also been inferred (5, 6). In this preliminary report we describe a new type of experiment that directly demonstrates the elastic contributions of trapped coupling entanglements at mechanical equilibrium.
troduced) to SN (effective network strands terminated by entanglements) is calculated by composite network theories of Flory and others; and from the extension ratios together with the modulus, measured at small extensions, VN is calculated explicitly. It appears that vP increases approximately proportional to irradiation time; JVN is approximately independent of irradiation, and it corresponds to a molecular weight between effective entanglement loci of about 13,000. This figure, however, which is larger than that deduced from Theological properties of the uncrosslinked polymer, is subject to future downward correction for partial entrapment of the entanglements and other refinements.
From various rheological properties of linear, uncrosslinked amorphous polymers of sufficiently high molecular weight, it has been deduced that the molecules behave as though strongly coupled to each other at rather widely separated points (1, 2) . These coupling points are usually described as entanglement loci, and are supposed to represent long-range topological restrictions (3, 4) , though their nature is still conjectural. Their persistence after the introduction of chemical crosslinks, as trapped entanglements that contribute to the equilibrium elastic modulus, has also been inferred (5, 6) . In this preliminary report we describe a new type of experiment that directly demonstrates the elastic contributions of trapped coupling entanglements at mechanical equilibrium.
When a linear polymer has been lightly chemically crosslinked and then is subjected to a substantial deformation, and then additional crosslinks are introduced in the strained state, the equilibrium elastic properties of the resulting network can be described in terms of a combination of two independent networks (7) (8) (9) (10) (11) . The most complete theory to a neo-Hookean approximation has been presented by Flory (9 From the composite network theory for two sets of permanent crosslinks (8) (9) (10) , the equilibrium modulus in small extensions from the state of ease, E8, is related to the initial modulus Eo after the first stage of crosslinking by the equation E8/Eo = (Xo2 -X1-')/(X02/X2 -X8/X0) [2] For an entanglement network, Eo may be represented by 3gN'NRT, with the front factor gN approximated by unity (14) . (For Xo not too large, E8/Eo is very close to 1 + vx/vN, corresponding to additivity of crosslinks and entanglements.)
Thus, by measurement of Xo, X,, and E8, it is possible to obtain vN explicitly, and then v, from Eq. 1.
MATERIALS AND METHODS
Evidently, unless the crosslinking can be performed very rapidly, it is necessary to work near the glass transition tem-perature (Ti) of the polymer to avoid entanglement slippage and stress relaxation during the process. A chemical agent is impractical unless it can be activated photochemically. Crosslinking by -y-irradiation was chosen, and 1,2-polybutadiene was selected as the polymer because its Tg is -120, not far below the convenient working temperature of 00, and it was believed that chain scission by irradiation would be relatively slight, as long as the temperature was not below T. (15) . The polymer was purchased from Phillips Petroleum Co.; its molecular weight, estimated from intrinsic viscosity in tetrahydrofuran, was 1.67 X 105, and its microstructure was 95.3%
"vinyl" (1,2-conformation). It contained about 0.5% Cyanox SS antioxidant. According to rheological estimates of entanglement spacing (16) , it should have an average of about 50 entanglement loci per molecule. The density was taken to be 0.885 g cm-'.
Films with a thickness of about 0.05 cm were cast from 5% solutions in benzene. Parallel knives were used to cut strips 0.6 cm wide and about 4 cm long. The strips were left in a hanging position for at least 36 hr in a vacuum oven at room temperature before irradiation. Each sample, after being conditioned for 15 min at 2-3°, was stretched by suspension of a weight on it; subsequently, it was slowly rolled onto a stainless-steel cylinder with an inside diameter of 1.91 cm and an outside diameter of 2.06 cm. This was placed in a cylindrical outer compartment, which was then evacuated, and irradiation was performed at 00 (ice-water bath) by positioning a 60Co source inside the steel cylinder. The source was about 1000 Ci, corresponding to about 4.0 Mrad hr-1. After irradiation, the sample was allowed to retract to its state of ease at room temperature. The rate of retraction was observed, but no analysis of kinetics is attempted at present. Only one state of ease was detected. (A complete account of equipment and procedure will be given elsewhere.)
Initial and final lengths between fiducial marks were determined at room temperature with a cathetometer to i: 10-3 cm. shown as the solid lines in Fig. 1 . These values of V,/'N were also plotted against the irradiation time in Fig. 2 . The moduli E8 obtained from stress-strain measurements in simple elongation with elongations less than 40% are given for three samples in Table 1 , together with values of PN calculated from Eq. 2, and the corresponding values of MN, the average molecular weight between entanglement coupling loci. DISCUSSION The experimental points in Fig. 1 for 0.5, 1, and 1.5 hr of irradiation follow quite well the theoretical lines calculated from the composite network theory, the retraction after and Watson (8) . A small deviation at higher Xo, where 's/VN appears to increase slightly with Xo (for 1.5 hr of irradiation time), might be attributed to a diminished elastic effectiveness of entanglements at high extension ratio; their effectiveness may depend on extension as well as time scale. This small deviation might alternatively reflect slight entanglement slippage during irradiation or chain scission. We should expect the number of strands terminated by chemical crosslinks, ve, to be proportional to the irradiation time, except for a small initial effect due to finite molecular weight. The initial proportionality between vx/JN and irradiation time observed in Fig. 2 then indicates that the number of strands terminated by entanglement couplings, VN, or the corresponding average molecular weight between entanglements, MN, is quite constant. The calculations given in Table 1 (18), much shorter than the time required to reach equilibrium in our present experiments. At short times, the strain free energy contributed by an entanglement may be nearly equivalent to that contributed by a permanent crosslink; at long times, it may be less (19) .
Other aspects that have been neglected in this preliminary treatment are the slight entanglement slippage during the irradiation period and the loose ends associated with the initial finite molecular weight. These various complications will be examined in the future, and a more complete description of this study will be presented elsewhere.
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